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s UMMARY 

.- 
m --- 

The design, cons.truction, and properties of an oloc- 
tricnl-rosistanco strain- gage .cons<ipting of fine wires 
molded in a lnminstod plastic are described. The propori 
ties of such gages arc discussed and also the problems 
of molding of wires in plastic materials, tompcraturo 
compensation, and cementing and removal of the gages. -- .- 

Further work to be carried out on the strain gage, 
together with instrumontntion problems, is discussed. 

INTBODUCTIOP TO THE STRAIN-GAGE PROBLEM 

. 

i 

Two trends aro cspociallg.observn31e in modern cn- 
ginccring progress. One is a trend toward larger struc- 
tural unfts and higher spcods and tho other 4s a trend 
toward tho production of the lightest strudture consistent 
with snfatg. Those trends are especially noticeable in 
aircraft onginoering. The dosign of large long-rang0 
mllitcr: and civil aircraft roquiros a rigid control of -- 
weight both of the structure and of the powor plant. In 
previous years, it was sufficientto make-sure that struc- 
tural,elcmcnts as a solo, such as wing bcams,~,fuselagcs, 
and so on, were cnpablo of oarrying the computc.d ae.ror?y- 
namic and inertia loads. The pras.ent- rntc of progress 
requiros that the stressos be checked in the individual 
structural members and fittings in order to eliminate 
unnecessary extra strength as well as to detect sources 
of weakness. :- 

-- 
In aeronautical work, it is desira3lo that these 

stresses be measured both on the ground with static loads 
and tri flight. On the ground, tho loading. simulates the 
computed aerodynamic and inertia loadi; tho computed 
stresses can then be confirmed-by placin:; strain gages 
at the dosircd points of tho structure. -In flight, tho 
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loading assumptions can bc checked. For this purpose an 
electrical strain gage of the resistance type is desir- 
able, in which the strain ix measured by tho change in 
resistance of a strained conducting element. The strain- 
recording device is ossontially a-bridge with galvanomoter 
remote from the gage. The gage itsolf'shduld bo compact, 
comparatively cheap to prqduco, and capable of being cc- 
mented by both hot and cold cements to steel or duralumin. 
It is dosirnblo, though not essential, that tho gage bo 
removable for calibration previous or subsequont to the 
test. Necessary requirements of such a strain gage for 
static work are that the resistance of tho gage be inde- 
pendent of temperature, and that thore be no creep cr I 
hysteresis in tho strain-resistance relationship of the 
gngo. 

- Tho carbon-pile principle has been adnptcd, fn tha 
well-known IfEssrl strip of Professor de Forest (reforonce 
1)s to a form suitable for tho meaauremsnt of dynamic 
strains up to very high frequencies (reference 2). Un- 
fortunately, this principle is unsuited for static work, 
because its resistance is very sensitive to temperature; 
a change in temperature of lo C. in tho gage when cement- 
ed to stocl produces the same change in resistance na 
would a stross of approximately 1,000 pounds per square 
inch in the ntoel. Furthermore, there is a marked hys- 
teresis in the strain-resistance relation (reference 3); 
in addition, the resistance is somewhat susceptible to 
changes in relative humidity fn the atmosphere. 

For accurate measurement of static strains, th-e Ess 
strip is therefore unsuitable. It was considered that 
the development of the Elss strip tc a stage where it could 
be used for static work would be a long and difficult, if 
not an impossible, task. Accordingly, it was decided to 
make a fresh start, using the strain-sensitive properties 
of fine metallic wires. 

For some months previous to the commencement.of-the 
present investigation, Professor A. C. Ruge of the Maesa- 
chusetts Institute of Technol.ogy, had been investigating 
the sensitivity of fine me"lallic wires to strafn and tom- 
peraturo. Ee used celluloid-acetone lacquer to attach 
the wires to the m-etallic surface, with a layer of paper - 
(for insulating purposes) interposed. Professor Bugs con- f 

tributod much preliminary data on strain-resistance rela- 
tionships in fine wires, and various alloy wires were fur- 6 
nished through the kindness of Mr. G. E. Chatillon of John 
Chatfllon 8: Sons,. .. 
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The process of ccmcntfn~ resistance w5rc to pcpor or 
othor insulztin:; matcrisl is not practicable whero the 
gaf;c must be romovod for calibration, and the #od quzli- 
tics of the previous Ess strip wore combined w!th the wiro 
gage to oVercome this difficulty. Tho probiom that pro- 
sentcd itself was thr.cefold. 

(c) Mountfnq: to doval0p.a suitable method of casting 
or molding ths wire in a plastic material. 

(b) Temperature compensation: to dcvolop methods by 
which the cffoct of tcnporcturc on the rosist- 
ancc of the gage could be compensntod. 

(c) Attachment: to develop and-test hot-and cold-co- 
nonting methods, and methods of romovinc cc: 
ncntcd gages without damage. 

Two simple methods of nountins the fine wires have 
Seen devclopcd. In one, the wire is molded between--layers i--- 
of bzkelizod poper. The f;n~cs can, of co%rso, bo of any 
reasonable dimension, and i% has Sean found conVoaiont to 
mnkc then about 3 inches long by 3/8 inch wide by 0.010 
inch thick. In the other form, the wire fs molded into a 
trrnsparcnt thornoplastic rosin, Lucite .(nethyl mctha- 
crylate pol~mcr). Tho s c <ui:o s are about 4 inches ion,: by 
3/8 inch wido by 0.035 inch thick. 

-. 
Other forms that wore 

dovcloFcd hcvo been disccrded bocnusc of the difficulty, 
time, or uncertainty involved ia their construction. 

It would be thou&t that u wire such a6 constantan T;T 
mansanin, the resistance of which is przcticallp indcpond- 
cnt of tenpcrature, when molded in a plastic nount nnd ce- 
mented to c^. steel or durzluriin bar, would r?ct as- a tcnpor- 
aturo-cospo-asated strain c:nce, This result fs not forth- . cominz since there usually exists a diffcrerce in the 
thcrnnl coefficients of expz"sior of the aetzl spocinon 
2nd of the wire in the gage. ilhen the 'ens: is hcctsd, this 
difference iaposcs a lonGitudinn1 strnin on the wire in 
the sage, chanGing its resiatnxce, even though the ber to 
which the gztco is attncbed is uzstrosaed. It follows that 
a resist+scc strnin r:age terpcraturc-conpoaSated when at- 
tached to steel will not be compensated when ettnchad to 
durnlunin, owing to tho different cocfficionts of expnn- 
sioa. 

Gonpensetion has been effected by cnploying fn the 
gugc two types of wire. The wires lit pnrz.llcl to the 

_ 
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length of the--gage .and are connected in' series or parallel. 
One wire has a positive temperature coefficient of rcsist- 
anco and the other wi'rc, a nogativa coefficient. The wires 
are so proportioned that temperature effects on the rc- 
sistances of the two wires counterbalance. The materials 
used at present are "~opel'~ for the negative conatitucnt 
and Nichronc for the positive constituent. The gages for 
use on steel and those for use en duralumin are similar 
in design but differ in the proportions of wire used. Ti: e 
present gages have a resistance of about 25 ohms, ,yct it 
is possible to make, without dFff.iculty, componsatod gages 
having a resistance of 250 ohms and more. It is possible 
to adjust, by mstlns of an external resfstancc, the gages 
that are not perfectly temperature-componsatad. It is 
hoped shortly, howcvor, to be able toproduce gages in 
quantity, which arc sufficiently closely tcnpcrature-con- 
psnsatod not to require these additional external resfst- 
ancas* 

Tho b&elite gages can easily bo concntod into posi- 
tion, using de Khotinsky conant. This method required 
heating of the metal to which the gzgo is to be attached, 
to 1350 c. The gaga can be removed, by rohoating or by 
softening t5e cement in alcohol, for cnlibrst.ion or for 
USC elscwherc. A conpcnsatod g?.9o;whcn attnchcd to a 
steel bar strained in a testing nnchinc, shows no obscrvs- 
blo creep or hysteresis in the strain-rcsi.stanco.plot up 
to the maximum strain employed (0.0007 inch per inch). 
Plastic wood, as a cold cement, is hoped to bohevc.as Well. 
Bakclite gages ceneated with plastic wood can be removed 
very quickly with acotono, 

Lucite gages are :1orc difficult to concnt-since they 
soften and warp en heating. They may be cenentod with 
plastic wood; this conont dissolves in caust.ic-soda Solu- 
ti0;l, which does not affect the gags. 

THZ MOUBTING OF PINE FTIRElS IN PLASTIC MATERIALS 

In general, there are three ncthods of mounting wiros 
in plastic materials: by casting in a closed mold at an 
elevated temperature, 'by molding in a closed mold under 

* prcssuro and tcnperaturc, r,nd by pressing (withuut a nold) 
resin-impregnated paper or cloth. All these methods havo 
been tried, using difforont resins, with varying success. 
When working with synthetic resins, it is necessary to 

. 

c 

..; 
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bear in mind the essential chemical and,physical proc- 
esses; these are summarized below. 

Thertioplastic Resins 

Thermoplast'ic resins are usually initially in the 

.- 

form of fairly volatile mobile liquids, which are chemi- 
cally fairly complex unsaturated organic compounds, pos- 
sessing a single double bond in the molecule. In this 
form the molecules exist singly. Under the. action of 
hoat, light, oxidizing, and other cat&ytrc agents the 
molecules combine to form long interlocking chaLns,with a 
consequent increase In viscosity of the lrquid resin. 
The increase in viscosity is at first relntivoly slow, but 
later accelerates through a rubber-like phase to result 
finally in a hard, transparent mass. This polymerization 
process is irreversible; it is impossible to convert the 
solid back to the original mobile liquid. The glassy 
solid softens, however, at an elevated temperaturo. A - 
high pressure can then-be used to mold grains of the poly- 
merized thermoplastic into any desired shape. There are ' 
thus two methods of formlng a thermoplastic resin: poly- 
merization of the liquid monomer by.gentle heating (in a 
closed vessel to prevent evaporation) and-the molding un- 
der pressure and a higher temperature, grains of. the com- 
mercial polymerized resin. 

Thermosetting Resins 

Of the thermosotting resins, phenol formaldehyde is 
typical and is by far the most widely used. Heating to- 
gether of phenol and formaldehyde solution results in the 
combination of phenol and formaldehyde molecules to form 
a three-dimensional network. At first, the rosin molecules 
aro small, and the rosin is consequently liquid at room 
temperature. Liquid casting ros,ins, such as l~Marblettc,lr 
are of this type. Further heating ciuses.Zin Lncroase in -- 
polymerization, so that tho resin is no longer liquid at 
room temperature. This resin ("A stage" resin) is the 
basis of commercial molding powders and lacquers. Further 
heating results in a resin (I'C stage" rosin) which is 
solid and hard at all temporntures up to the temperature 
at which it chars. Molding powders are made-by-adding a 
filler (usually wood flour), accelerator, and dye to,the 
A stage ros3.n. Lacquers are mada by dissolving the A 

-1 
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stage resin in alcohol. There are thus three rnethoda of 
forning ther:aose.tting resins: 

(a) B,r- casting the liquid resin around the wire un- 
der moderate twnperature. 

(b) iQ=oldin 6 around the-wire !'A sea$e!resin or 
connercial nolding powder under tenperature 
and pressure. 

(c.) By inpregnatfng paper or cloth in a lacquer of 
"A stagef'resin and drying, and then_ ma;dinZ 
fine wires under temperature and preasure 
between sheets of this paper or cloth. 

.casting of dires in Thornoplastic Resin 

Since tho -casting technique dPd not involve the appli- 
cation of prossure and the -danger .of rupture of fine wires, 
this casting of wires in thcrnoplastic resin was developed 
first. Gages were successfully cast, using net.hyl netha- 
crylato nononer (supplied by the E. I. du Pont de Nenours 
company). The polymerize? nothacrylate rbsin 4s knovs.com- 
mercia1l.y a.s Lucitcs. K;irblette liquid casting bakelitc 
resin was also used. It .is not possible to obtain a solid 
slip of..resin by evaporating a salution of the resin; pder 
theso circumstances, dryfng would take place ‘on the surface 
first, leaving the inside partly or wholly liquid. Hoither 
is it possible to obtain a gngo by casting grains of a 
polymerized thermoplastic resin. At the highest allowable 
temporatur@, such a rosin is not really fluid, and even 
aftar proloncod.heating at that temperature- a great many_ 
air bubbles remain in the casting. 

Of the commercially available thermoplastfc rosins,rethyl 
mothacrylate polym-er (Lucite) has probably the host elastic 
properties and is t-he easiest ta obtain in monomer form. 
Tha casting nol% is shown In figure 1. The wiro C, to 
be mounted in resin is soldered or welded to two piocss of 
steel shim stock J and B (fig;, 2) and essembled.in the_mold. 
Before.thc mold is tichtenad.up., the piece B projecting 
from between the side piccas is pulled taut. In this way 
the three parts of tLo wire 0 become tight aqd Fttrai_ght (I 
simultaneously. 

The roquirod quantit; of nonomcr is-mixca with about 
1 portent of benzoyl peroxido, which acts as a catalyst, 

(r 
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poured iato the mold, and-the cover screwed down. It is 
nocessar:; for the polymerization to be carried out slowly 
to reduce the danger of bubble formation, whdch is vory 
likolg to occur around the wires, The bast rosults were 
obtainod by raising the tomperature gradually from 40° to 
60' C. over a period of 3 or 4 days. A c.lear water-white 
strip of resin of dimensions about 3 inches by l/2 inch 
by l/16 inch was produced, normally free from bubbles. 
Pigurc 3 shows diagrammatically tho ap,poarancc of the gago 
aftor removal from the mold and figure 4, the final ap- 
pearance of the gage after romoval of superfluous metal, 
and soldering-on of connecting wiros. 

Since this process was long and tedious and since 
successful results were not always obtained, other methods 
were sought. 

Casting of Wires in Bakelite Bcsin 

Xarb.lettc liqtid phenol-formaldohyde rosin (suppllod 
by tho Marblette Corporation) was used in an attempt to 
cast a thormosetting resin that could bo attached by 
de Khotfnsky.comcnt. The wire to be mountod was soldered 
to a copper-foil mount (fig. 5) and the assembly clampod 
in the casting mold. The liquid resin was poured in and l Q, 

- the mold heated for 2 days at a temperature rrslng from 
'70° to 1300 c. .A hard, brown, opaque, bnkolite gago was 
obtained that, though being thermosetting, was always full 
of air bubbles. This.m.ethod was consequently abandoned 
as being unsuccessful. 

The Molding of Pine Wires in-Lucite 

Generally speaking, it is oasier to mold articles of 
Lucite from the commerical polymerized, granulated product 
than to cast the articles from the liquid resin in a lower 
state of polymerization. The hi-gh pressures involved in 
this.oporation (from 1,000 to 5,000 pounds par square inch) 
will rupture fine wires unless special precautions are 
adopted. I'igure 6 shows the mold usod for pressure-molding 
of wire strain gages* The bolts on the-lower part of the 
mold were adjusted so that the thickness of the finished 
molding was about l/32 inch. . 
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I "Double-DeckerIf Proce.ss 

In the double-docker'process, two strips of Lucfto 
4 inches by 1 inch by l/32 inch are made in the mold. A 
wire assembly on a gauze framework is placed bctwoen two 
such strips in the mold and tho three components llfusodlf 
by heat and pressure. 

First, a weighed quantity of commercial resin is 
placed in the mold and subjoctod to a prossure of 5,000 
pounds per oquaro inch at 160° C. for about 15 minutos. 
Tho mold is cooled under water and tho molded piece re- 
movod. Two such pioccs aro mado, One surface of oath 
piece i's moistoncd with .ths liquid monomer containing bcn- 
soy1 peroxide. The wire assembly soldofed.to a copper 
gauze (or woldod to a nickel gauze) franework.(fig. ?(a)} 
is placed between the pieces, with tha moistened surfaces 
f aC inr~ each other. This sandwich is plccod in tho mold 
and heated to 1600 C., then subjected to a pressure of 
1,000 pounds per square inch for 15 minutes. The mold is 
cooled as before and the completely molded gage removed. 
The gage ready for use Is shown-in figure 7(b). The -fin- 
ished.gage is about 0.075 inch thick. An essential part 
of this procesa'is the moistening with the liquid monomer. 
of the strips of resin before.reprcseing. r/f. tjlsac tug 

strips. are merely pressed togcthar under tonporature in 
the mold, thoy will fuse only at a fow isolated points, 
where the ends of the nolccular chains happen to coincido; 
These two pieces can easily be split apart. Wetting the 
surfaces wdth the liquid monomer produces.some new chafn- 
forming material, which c*mcnts tho two pieces chemically 
into one coherent strip. 

'tSingle-Dcckcrlt Process 

In .t?io .singl o-dcckcr process, only one strip of resin 
is used; thus a more flcxible,.thinnor, more ~tiickiy g&o- 
duccd strip is obtained. The assonbly, constructed as bo- 
fore, is p1aco.d at the bottom of tho mol.d, then the molded 
piece .of Lucite, and finally a false assembly, containing 
no wire. The three components are pressed together under 
a pressure of 1,000 pounds per squarq inch for l5minutes; 
the pressure is applied when the temgcraturc of the mold 
reaches 160° C. The resin appoars to flow under and around 
the uiro; when the mold is cooled and tho molding removed, 
both pieces of gauze and the wire appear to be thoroughly 
embedded in the rosin. It should bo mcntionod that, in tYo 
absence of the uppor gauze, the gage is warped on rem&oval 

- 
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. 

from the nold, owing to the differential contraction of 
the copper gauze and the Lucite. Figure 7(c) shows the 
appearance of a single-decker gage after removal from the 
mold. In this process (as in the doublo-deaker process) 
the wire is placed in the asemblg with some slack, and 
v.erg few cases of rupture or incomplato embedding of the 
wiro are obtained. After the sides of the molding are 
sawed off, the ends slit down, and.connoctions soldered 
OX-l, tho gage is ready for USC. .Figure 7(d) shows a gage 
which is about.0.035 i2ch thick constructed in this man- 
ncr. 

A large number of gages of tho double-deckor and 
singlo -deckcr types havo been constructcd.sincc the com- 
pletion of a progross roport (reference 4) on this in- 
vestigation. Data obtained from theso gages- would have 
enabled satisfactory gages compqnsatcd for steel and for 
duralumin to be constructed. Since certain cementing dif- 
ficultics associated with Lucite could not be overcomeI 
methods Hero developed of molding gages in Sakelite. 

The Xolding of,Wires in Bakslite Molding Powder 

Lucite was originally chosen as a casting.and molding 
material on account of its very good elastic properties, 
The addition of a filler to a resin, such as wood flour, 
paper, or-cloth, though making the resin stronger, impairs 
its elastic qualities, creep and hysteresis being-ver‘y - 
evident in the.stress-strain properties of the filled resin 
(referenca 5). It was felt that this strain creep andhys- 
terosis was Gartly responsible for the resistance creep and 
hysteresis of the Ess strip and that filled resins-were 
therefore to be avoided. This conclusion is now known to 
be ill-founded, since gages molded in bakelite molding pow- 
der (with wood-flour filler) and in laminated Bakeiite 
(with paper filler) show a complete absence of creap and 
hysteresis in the strain-resistance relation. 

It was attempted to mold s.ingl.e-decker and doublc- 
docker gages from,bakelife resin and from molding powder. 

. . Unlike the Lucite gages, these gages c'ould be -firmly and 
easily attachod.with de Xhotinsky‘cement. The doublo- 
decker gages wore to be made by partly curing the material, 
so that it had sufficient strength to be removed from the 
mold but could still fuse and cement itself onto another 
similar strip. The unfilled resin when partly cured was .-- 
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too waak and brittle end usually cracked on cooling. Tha 
commercial molding powder was somewhat bettor and, aft-or 
some experimcnf, tha correct conditions waro found for tha 
two strips of Sakolite to fuse without clcavfng along tha 
Joining plane. In this procass, howaver, the wires also 
become brokan. It was than attanptcd to mold single-dockar 
gages as xith Lucite, the wira assembly being prasaad into 
s partly curad strip of Zi-tkalita. In only one case was the 
wire pressad firmly in. En all the other cases tho wira 
could easily be pulled from the surface. This one cxcap- 
tion, comantcd to a stacl bar with da Khotinskg camont, 
possasscd a linear, strain-resistance charnctaristic with- 
out hysteresis. It was tharcforo dacided to mold the gngos 
from bnkolizcd paper. 

Paper-Rainforcad Bskalitc Gnges 

Tha paper-reinforced bnkclite gage is of all typos 
tho ,simplost and quickest to maka, the easiest to attach 
to stool and durnlumin, and the thinnest and lightest. 

Tho wires composing the gage arc'soldcrcd to a frnma- 
work constructad from strips .of brass gauza about--l/8 inch 
wide. Ei ht strips of rosin-impregnated paper 4 inchos 

.long by 3 8 7 inch wide era cut out-; Tha wire ?sscmbly is 
tacked down to one of tha strips by moans of da warm soldar- 
ing iron and somo finely powdered A strrgc resin (fig. 8(o)). 
Xith a total of four strips of pepar above and balow tho 
wiras, the whole assembly is plnccd botweon polished shoots 
of chromium-plntod steal and then betwcan shoots of card- 
board. Molding is carried out batweon platens heatod to 
1500 c. undor a pressure of 1,000 potic2s; par squnro inch 
for 15 minutes. The gcga is than ready for soldering on 
contncts to the gauze strips (fig. 8(l))). 

At the present monont, special soldaring and molding 
jigs arc boing.constructed. These .jigs will enable the 
axact lengths of wire to ba soldered on; the wires will 
be'held taut and the pieces of paper held vertically ovar 
ench other during the molding. In this way it will be 
possible to produce easily and rapidly temperntura-compan- 
sotad strain gages with reproducible characteristics. 

I 

. : 
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STRAIX SEXSITIVITY 

Temperature -Compcnsatcd G&es . 

The uso of fine wiros to mcasura strains is not novel 
and. the manner of application is fairly 0bviou~6 The rc- 
sistance of metallic wires as a rule is versemuch more .- 
sensitive to changes in temperature than to change-s in -- 
strain. For static work, therefore,. it is ncces‘sary to 
compcnsato for the offoct of tcmporature on the rcsistancc 
of the wfre. 

It has already bcon mentioned that tha problem of 
tonpcraturc compensation cannot be solved by the USC of 
wires such as constantan and manganin; Tf the&E ivircs 
havo a thermal coofficiont of linear oxpnnsion d%ffcront 
from that of steel, whan ccmontod to a steel surfa& which 
is thon hcatod, the wires will suffer n longitudinal ox- 
tension or compression suporimposod by tha stcol on their 
normal dilstT,tion. This additional oxtonsion or cbnpros- 
sion will change tho resistance of tho wire and so destroy- 
the tomporaturc compensation. The nagnitude o-F--this ef- 
fect is shown 3y the following oxam'plc: If a wire 30 found 
that happens to be perfectly componsntcd whca ckontod 3% 
duralumin, thi$ wire when comcntc'd to stooi wily change 
its rosistancc when the tcaperaturc rises lo CI by an 
amount oquivalont to a conprcssivc stress -of 400 pounds- 
per square inch in- tho stocl. It is thoEc;Poro clear that 
special nothods of c'onpons ation kill have to be sought 
and that gages compensntcd for use on durtilumin will be 
different from gages conpcnsated for use ozL stool. It is 
clczr also that the effects of strain and tcmpcrclturc on 
the rosistanco of wires must be jointly coqsidorod. 

Strain and Resistance 

Since tho electrical rcsistancc of a metallic wire 
is proportional to its length and invcrsoly proportional 
to its cross-sectional arca, it-might-be assuxed th-at the 
increase of r~sist.-~nco of a wire on straining-ii duo-to 
the increase in length and roductihn'$&cross-sectional ---- 
arca. If tho strain sensitivity .:S 30. dofincd astho 
ratio of the proportional incrcnso’h rosistanco AR/R 
to tho tonsilo strain At/l, tho,strnih bcneitfvitr . 
should be givoa by 
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s=* =1+2cJ"' (1) 

where 0 is Poissor's ratio. The scasitivity S should 
thus vnry fror: 1.6 to 2.0. In actual prcctico S can 
vary fron large positive values to large negative values, 
the value for nost wires being about 2.4. It is claar 
that tho specific rosistivity of a wire varies whon it is 
strai;led.* Though this phenonenon is kaown (rofzrezces 6 
and 7), there soens to-be 20 coasistoncy in the scanty 
published data and no satisfactory oxplazmtion of the pha- 
nmenoa. 

Xeasurcnont of Strain Sensitivity 

T!lo strain-resistance relations of wires aoldod into 
gages wore obtained by clanping or ccnontir,,n tho gages to 
stool=bars l/8 inch thick and about 7/8 inch wide md ap- 
plyirg toilsion loads to the steal bars through pins. ThC 
change in rosistnnce was noasurcd by a Yhoatstone brid::c, 
using the Ccfloction nethod. The strafe. was conputod fron 
tho load and the cross-soctioael arc&of t-ho bars. For 
prccisc work, this nothod is likely to bo far fron accu- 
rate, since tho bars wcro by no ncazs initially strnlzht, 
SiCCC, till very roccntly,.tho ~;agcs woro far froE conpon- 
sntod, it was considcrod that the error duo to tonpcraturo 
drift was 1argo.r thaiI the error due to initial curvature 
of tho bars. The error due to initial curvatarc was nini- 
nized by connoncing tho tests at a load of 400 pounds. 
Tests were usually conducted by loading the bar iu stops 
of 400 pounds fron 400 pounds to 2,000 pounds through two 
conplote cycles. The arraagonoat of apparatus for a strain 
tost As shown in figure 9. 

Moasuronont of Rosistancc 

Two difforont crran,;o;rants of.Vhcntstonc bridge were 
available for ncosurcnont cf resistance. Pa 0~0 foril, a 
nultirntio bridge, the external rcsistanco was balaacod 
by a dccada box variable fron 1 to 9,999 ohns, tho ratio 
of the ratio ams boicc; solccted by a switch. Since theso 
ratio arms wore built into the bridge, the over-all sen- 
sitivity could not bo improved by adjustnent of the values 
of tho bridge resistances, Yhmlov-resistance P;RQZB (about 
25 ohns) wcro to bo tcstod, th.0 gags was placed in sorios 
with a 1-ohr;z rosistancc, across. which could bo connoctod a 
resistance of 24.-ohms. Xith higher-resistance gages {of 

I 

- 
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. the ordor of 100 ohns), a docado box containing O.l-ohn 
steps was placed in scrics with tho gage. A decade box 
placed in shunt with the galvanomcter is open-circuited 
whon balance is obtained. In the case of tho low-rosist- 
3ncc gage-s, opening or closing the calibrating switch 
gave the deflection corresponding to an -increase or de- 
crease in the external resistance of 0.04 ohm. The ncan 
calibration at the boginning and end of each test was 
thus obtained. Individual calibration observations usual- _ 
ly ngreod to better than 1 portent. In tho CQSC of tho -. -- 
high-resistance gages, calibration was obtained by switchi 
ing into series with the gage 0.1 ohm or a higher resist=-: 
ante. Figure 10 gives the circuit of the bridge a?r&ng:&_ - = 
for a test on a low-resistance gage. --a-.: --; v-- . ..__ 

The other form of bridge usod qas a variable-ratio 
bridge. The external resistance is balanced by a decado- 
box variable from 1 to 999 ohms: the bridge ratio is vori- 
able between narrow limits below and above unity. Cali- 
bration is offocted in the same manner as with the multi- 
ratio bridge. 

- 
Figuro 11 shows the over-all sensitivity calibration 

for ths multiratio bridge for tho 0.1 and tho 0.01 ratios. 
The ordinates give the dofloction in divisions of-the g&l- 
vanomoter scale for a l-portent change of,extornal rosist- 
ante .using a 6-volt battery. It is soon that in the region 
of 20 to 100 ohms tho sensitivity with tho 0.l ratio great- 
ly exceeds that with the 0.01 ratio; also that maximum 
sonsitivity is obtpinod with a gage resistance of the or: 
der of 20 ohms. The deflection of the galvanometsr in 
this. arrangement c,ould be estimated to 0.01 division; 
Thus a resistance change of 2.5 parts per million could‘bo - - 
detected, corresponding to a strain change-of.abouf 1 part 
por million. Figure 12 gives the corresponding calibra- 
tion for the variable-ratio bridge used with-a different 
galvanometer. 

Results of,Strain Moasurcments 

From the tosts on compensated gagos constructed from 
laminatod Bakelitc comentod to steel with de ghotins&F- - 
comont, it is concluded that there is no creep nor.hystcr- 
osis in the strain-resistance relations of metallic wires. 
Under laboratory conditions tests on noncompensated Aages - 
containing singlo wires gave the same result, though with 
such specimens variation in laboratory temperature during - . 
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a tost produces h rcsistanco drifi thct might bc mistaken 
for impcrfoction in the strain gage. Tests on Lucite 
c:age 3 clamped or cemented to steel with plasti-c wood 
ce'mcnt showed very little hysteresis in the strain-resist- 
ance relation. Such hyst-oresis as was found must be at- 
tributed to imperfect cementing or clamping. 

As an example of the linearity between strain and 
resistancs, the following table gives data obtained in a 
strain test on a tcmpornture-compcnsatod g;:t,;~, dosignatod 
PB 6, nadc in laminated %kolitc. The gaze was cemented 
to a steel.bar by de Khotinsky cement;- The readings a;e 
of (;alvanomctor deflections for two loadin,: cycles. 

TABLE I 

Strain-Test Data for Gage PP 6; TGerature-Corrr?ensater!, Laminated &&elite 

Cage resistance 23.0 ohms 
[Galvanometer calibration 137.25 division z-l ohm c&t&:8 ofresistancej 

-- , 
Galvanometer readings 

stress I 
ih First cycle . I Second cycle 

stoe1 .e- I 
LO&ad I Load Load 

'lb,/sq.in.) 
1 Load 

increasing decreasing Increasing decreasm 

4,267 7.92 .p 7.97 -.., 7.97 

8,533 9.18 9.2; 
Y 

- 9.22 . 9.22 

12,800 10.38 10.39 10.40 10.38 

17,067 11.51 11.50 11.53 11.50 \ 
412!63 ' 

9 \ 
'\ I 

2!.,333 -S~.$!&-- ia 

. 

.- 

The agreement between the deflections at each load station 
is too close to be shown on a graph, In figure 13 the 
mean reading at each stress level is plotted against 6trosfa. 
From the slope of the straight line the strain sensitivity 
S is obtained. 
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Strain-Sensitivity Data 

In table III is given tho measured strain sensitivity 
of certain wires molded into resin. The tablo gives tho 
type of resin, manner of attachment, and strain sensitivity 
for different wires. The code used to designate the type 
of resin is given in tublo II. The source of the wires in 
tablc III is given in tnblo IIIa. 

TABLE II 

Types of Resin 

Type of mount Code 

Laminatod Bakclito PB 
(paper filler) 

- 1 
Molded methyl methacrylate i4M 

(Lucite) 

Molded Bakelitc 
(wood-flour filler) 

MB 

Cast methyl mcthacrylatc 

Cast Bnkelite B 
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TABLE III 

Strain Sensitivity 

‘Jiro Type of Bicthod of 

cope1 

Ir'ichromo 

Isoolostic 

cope1 

Ohmax (soft) 

Ohmax (hard) 

Advance 

Isoclastic 

Isoclnstic 

Advcacc 

Isoolastic 

MOIlOl 

Advnnc o 

Isoelastic 

Manganin 

attachment 

de Khotinsky cement 

do Hhotinsky cement 

dc Khotinsky conent 

Plastic wood 

Clnmpod 

Clamped 

Clamped 

ClLampcd 

de Khotinsky cement . 
Cl&m-pod 

Clamped 

Clamped 

dc Rhotfnsky cclncnt 

dc‘Khotinslcy ccmont 

do Khotinsky ccmont 

1-pcrcont Mn-nickel Shellac Shellac -1.16 

sensitivity 
S 

2.38 

2.85 

3.00 

2.40 

2.06 

2.22 

2.25 

2.94 

3.47 

1.98 

2.92 

1.92 

1.94 

2.82 
.- 

.69 

It is socn that tho strain ecnsitivity of a wire 1s 
affcctod only to a snail degree by the typo of plastic 
mount. The difforencc is probably lass than appears from 
the table, since the data noar the foot of the tablo rop- 
resents the results of carlior,less accurate tests. With 
the oxcoption of advance and monel wires, the strain sonsi- 
tivities lie outside the values of-l.6 and 2.0 given by 
tho simple thoory; mangnnin has a small positive value and 
the nickel alloy a nogntive value. 

. 

+ 

1 
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TABLE IIIa 

Wires Used in This Research 

Uiro Suppliod by Ronnrks 

NichroI=c 

Mangnnin 

Advance 

Driver-Harris Conpany 

Driver-Harris Conpany 

Driver-Harris Conpany 

Ohnnx Driver-Harris Conpany 

Cope1 Hoskins Mfg. Conpnny 

l-percent Mn-nickel Hoskins Mfg. Conpnny 

17 

- 

Firm C: 

Hnrd 
-- -- 

Hard and soft 
spccincns 

Hard and soft 
spccinons - 

Hard - - 
Hard 

Monel 

Isoolcstic 

Alloy Xctnl Wire Conpany 

Chnttilon & Sons, Ltd. 

Wires in ,Series and Parallel 

In temperature-compensated gages-it is necessary to 
place different wires in series or parallel in order to 
obtain compensation. It is possible to compute the strain 
sensitivity of the combination, knowing the strain sensi- 
tivities of the tndividual wire5 in th.e 'type of-mount con- 
cerned. Let o'ne wire be of resistance R and sensitivity 
S, and the other wire resistance RI and sensitivity St. 
Then if the wires are connected, in series the overetzll 
strain sensitivity is 

RS + R’S’ RR' -S 
S series = I 

S' 
-+- 

R+R' -R+B'LR' R 1 (2) 

and if the wires are in parallel, this.equation becomes 
. . . 

Sparallel = R + Rt 
RR’, [$+zLj (3) 
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It will be shown later that, if a compensated gage is made 
by connecting a wire with a positive temperature coeffi- 
cient of resistance with a wire with a negative coefficient, 
the strain sensitivity will be the same whether the wires 
be conncctcd in shunt or in series. 

- 

, 

Table IV gives the conputod and measured resistnncos 
and strain sensitivitias of two gages embodying a copcl 
and a nichromc wire in parallel, ambcdded in paper-lami- 
nated Sakelito. 

TADLE IV 

Computed and Experimentally Determined Strain Sensitivities 
--r- -- 

Resistance, ohms 
(;L.gc . -7--- 

-Strain scnsitivitr I 
: 

Computed 
1 

t 
I ----I --: 

Measured Measured 
- .---- 4. - 

( 
I 

PD 6 22.95 23.0 2.54 II 
. 

PB 8 24.5 I 24.3 i 
a' _-_. 2.47 : -. . 1 r- 

TEMPERATURE COMPRl~SATIOU 

Temperature-Resistance Propcrfios T 

- 
The second problem attacked in the prosont invcsti- 

gation is that of tcmperaturo compansation. To this end 
many tomporature-resistance tests of both free wires and 
wires moldod in to form gagos were made., Tho following 
conclusions were oht-aincd. 

(a) Tho tompcraturc-resistance curve of a baro wiro 
is a straight line. 30 hysteresis is evident 
between the heating-up and cooling-down paths. 
It was confirmed that constantan and manganin 
wires have nearly zero temperature coefficients 
of resistance and that ohmax wire has a nega- 
tive coefficient. 

(b) Normally, the temperature-resistance curve of a 
wire molded into a plastic is a straight line 
without hpstorcsis. This result is true if 
the 'lgagell be tosted either free or clampoc 
or cemented to stool or to durzlumin. 
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Advance and'ohmax wires are oxccptions t'c thi.5 rule: 
it appears that the molding or casting tom- 
peraturo is sufficient to cause a structural 
change in theso wires. 'After thcsc wires are 
cast in Lucite by hoating to about 60° C. for 
3 days 9 the tomporature-resistance rolation- 
ship consists of nonlinear curves forming 
lnrgo hystorosis loops betwocn heating-up and 
cooling-down paths. These wires molded into 
Lucite in the shortost possible time give 
linear temperature-resistance curves without 
hysteresis. Slight incroases.in molding timo 
seriously affect tho value of tcmpcraturo co- 
officiant of resistance. A further slight 
increase produces gages which give hysteresis 
loops on tracing thormal cycles. Eence, ad- 
vance and ohmax, which appear tho most promis- 
ing wires for making temperature-compcnsatcd 
gages a must be abandoned. 

(c) Where the behavior of 'a molded-in wire.with tcm- 
peraturc is normal, the strain and.tompora- 
turo effects appear to be independent. 

Methods of construction of temperature-compensated 
gages will be considered and, subsequently, the fndepend- 
ence of the strain and thermal effects. 

Construction of Temperatur'e-.Compensated Gages c 

Under the heading of temperature-compensated gages 
will be considered the possible methods of temperaturo 
compensation, the theory of design of oath method, and the 
dagroo of success which has beon obtained. Tho following 
symbols will be usod: 

F3, tcmporature coefficient of resistance of a wire 
molded in a gage, 

Br ' temperaturo coefficient of a wire (or combination 
of wires) in a gage, clampod'or comcntad to 
steel. 

B 2’ temporature coofficlent of a wire, clamped or co- 
monted to duralumin. ' 

or, a5 5 ad? coefficient of linear expansion of rosin, 
steel, and dural; -respectively. 
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P 1’ p2 3 stross equivaloht of tcmperaturo, stool,and 
duralumin, respectively. 

Stress Equivalent of Tempcraturo 

The stress equivalent of temperature is the over-all 
measvxe of the exactness of tcnperatnre compensation of- a 
gage F The stress equivalent.of tempcraturo in steel P, 
is defined as that stress in a steel bar to which the gage 
is attached nccossarp to cause the same increase in rc- 
sistance of the gago as would lo C. rise of tomperaturo. 

RC!ilC@ 
P,S 
-=pl or P,= 

E 
(30 p1 x 106)/s 

and P, = (12 @s x lC")/S (41 

A strain gngo of the Tuckcrman or Huggenborgor.typc (made 
in eteol) is not temperature-compensated nhon attached to 
duralumin; the value of P, for'theso gagas is 
(25 - 11) x 12 = 168 pounds par square inch. In- thfs work 
a value of &lo0 pounds per square inch for P, or Pa. 
has beon regarded as the outside purmissiblo value, though 
it has been possible to obtain without difficulty.yalucs _ 
about &lo pounds per squaro inch pcr"C.. 

The following are the possible methods of construc- 
tion: .-. 

(a) By embedding a single wire in the plastic material. 

(b) By embedding two paraliel wires, coanacted in 
series or in parallel, one with a positive and 
one with a negative temperature coefficient of 
rcsistanca. - _ -..-A-- --- - 

(c) Using one kind of wire, part Igi-ng along tho 
length of the gage and part disposed at right 
angles, 

(d) By embedding a wire with nogntive strain scnsitiv- 
ity together w-ith wires with posftivc strain 
sensitivity. 

Kcthod (b) h as bocn successfully worked out. Method 
(c) is now a possible solution: Mcthod.(&) might give 

- 

. 

.zzb 

. 

_- 

- 

-- 
-.. 

I 
- 

” 

- 

. 
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success oftor it prolonged investigation of suitoblo ma- 
terials. Ecthod (d) is virtually unworkable. Pho ax- 
perincntal rosults supporting those conclusions ilrc'now 
given. 

Single Wire in Plastic Mdatoricl 
- 

It 1vr.s hoped that advance. wire (constsnton type) 
whon cmbcddod in rcsfn nnd ccmen'ted to steel would have' 
a vory low tenporaturo coofficicnt of rosisfnncc ana 
would thcreforo act as a temperature-compensated gage. 
As previously mentioned, it IViZS found that the tomp&jca; i- 
ture cocfficlent of resistcncc of such a gage was very 
variable, depending criticnlly on the molding conditions. 
Hystorosis looping in the tamporaturo-resistonce charac- 
teristic arose on molding for F. slightly longor time or 
on CELStiilge 

Of ctll..thc many wires tested, tho only one found to 
bo aaywhcro necrly conponsatcd was cope1 wfre. This wire 
was found to have n ncg;ntivo tomporaturo cocyficiont of 
resistance. The fol.lowirig data wore obtnincd with gages 
consisting of cope1 wfres embedded in Lucite aad in papcr- 
laniaatcd Bake-lito, ccncntcd to duralumin. 

TABLE V 

Cope1 Gages: Durnl .--u _ ---- 

' Tcnpcrrture ' .. : -' 
I 

I 
-- 

cocfficiont Stress e 
G?&c? I Basin 

I 
cenentod equivalent bf 
to durel 

f32 

ThC sinplc copcl, g;ago is thorofore not sufficiently closc- 
ly cenpcnsatcd to bo of any use. - 

This nothod night be nadc t'o work by brrkfng. a suit: 
able :rire, such ns isoclxtic, nic!lr;nc, copcl, ctti., and 
hoat-trczting this wiro. It night bc posscblo to adjust 

._ 
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the tcnpornturo coefficient of resistance by suitable bt.4- 
ing to vsluos that aro -nearly zero whon the wire is molded 
into a plastic mount and cemented to stock or duralunin. 

Vires with Positive and Negative Temperature Coefficients 

Another method requires two types of wire, one of 
which must have a small negative temperature coefficient 
of resistance and the other a small positive coofficicnt. 
The stipulation of small values of coefficient is nadc so 
that slight errors in the construction of the gage will 
not cause serious errors in temperature compensation. 

Ohnax was first used for the negative component. It 
was found that sliiifht prolongation of molding time produced 
temperature-resistance hysteresis. Ohmax has to be woldcd, 
and the spot-welding of exact longths of fine ohmax wire 
to nickel gauze is a rather difficult oporation. Subso- 
quently, cope1 was found to have a negative tcnporaturo 
coefficient of rcsistancc, smaller- than that of ohnax, 
and *ho wiro could be oasily soldered. Cop01 yas thore- 
fore chosen for the negative component. Table PI gives 
the necessary data for cop01 molded in Bnkolito and in 
Lucite for steel and for duralumin. 

TABLE 'VI 

, 

. 

- 

For the wire with positive coefficient, iiichrone was 
chosen, sfnce it had the lowest--coefficient. Advance wns 
ruled out owing to its erratic behavior and nnnganin, ow- 
ing to its low strain sensitivity. The following tablo 
shows.how Xichrono com?arcs with other wiros. 
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. Chsractcris --- I 

i 
Viro 

Bichromc 

Isoelastic 

MOllOl 

C-stec1 
(piano wire 

.TBBLE VII 

.cs of Wires with Positi 

Resin 

3akelito 
(laminated) 

Lucite 

Lucite 

.Lucite 

-- 

:oge cemented 

Tempcraturo 
coefficient 

$1 

182 1,910 

523 5,340 

502 7,840 

2,890 34,600 

e Tern2 -- 
,o steel 
stress 
oquiv- 
alent 

Pl 

Ccmporatura 
zoefficient 

82 

222 

erature Coefficients 
TGage 1 cemented to durxt 

Stress . 
equiv- 9 
alcnt 1 I 

2-i 

: 

Dosign of Nichromc-Cope1 Compcnsatcd Gages 
- 

Enough data are now available to design tempdrature- 
compcnsatcd gages. Let the rosistancos of the required 
lengths of cope1 and nichrome wire bo R and RI, rospec- 
tivcly, the tomperature'cocfficicnts, cemented to steel, 
be B1 and P1 t, respectively, and the strain sensitivi- 
ties S and St. 

Xiros in parallcl.- If the-temperature rises to (1. 
the resistance of the gage, with wires in parallel, rises 
from 

RR' 
t0 

RR'(1 + 8,t)(l -I- &It) 
R -I- R' R + R' + t(R p, + R' &') 

The condition for tempersturc compensation is that this in- 
craaso be zero, hence 

. 

R -81 -=- 
R' PI' 

(5) 

. 
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This is the condition for tsmperature.compensation on 
steel, when the wires are placed in parallel. For compen- 
sation on duralumin, the condition becomes 

Under these conditions, the over-all strain sensitivity of 
the gage (equation. (3)) becomes 

Sparal lel z 
c3,S’ - 8,‘s 

for stsel 
B, - B,' 

Sparalle3. = 
B2S ’ - @Z’S for dural ' 

B2 - 82’ 
-. (8) 

Thus the strain sensitivity of the compensated gage lies 
bctweon tho strain senslt-ivitioa of the component wires. 
The sonsitivity of the stool gage fs slightly different 
from that of the dural gage. 

#ires..in serias.- ThQ conditio-ur for tumpcra&urc com- 
ponsaticn on steel with wires in sorics becomes 

-4-81 R 
R' $1 

(9) 

The strain sansitivity is thi: same as for parnUe1 conncc- 
tion. Tho cboico of scrics or pxcallel connection is de- 
termined by the relative lengths of wiro roquirod. 

Nichrome-Cops1 Gage for Stool 

The specimens used had the following resistances per 
foot: 

illiro .Diamoter Resistencc 
(il. ) (ohms per ft.) 

Y.';ichr om o O.O(?l 660 

- 

.- 

- 

. 

..- 
..- 
. 
- 

.; 

. 

cop01 ~ ..0015 136 
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The ratio of the length of kTichrome to cope1 wire can now 
be computed. Bar series connection, compensation on steel, .- 
this ratio is 8.4 percent. For parallel connection, corn-. 

,,pcnsntion on steel, tho computed ratio is 47~7 percent. 
For compensation on dural it is 80.6 percent. Hence, for 
the wires available, the parallel arrangement was chosen - 
a 3 being the more suitable. = 

Yhcn the wires are about the same length, the charac- 
teristics of a gage change only slowly with slight changes. 
in ratio, assuming that the tcnperaturc coefficients of 
rosistcnce of the wires do not vary fron gage to gage. 
!i!l-ia fisst few gages, made before correct data had been-ob- 
tainod, possessed length ratios of Yichromo-to cope1 of 
5s perccztt (for steel) and of 73 percent (for dural). 
FpL?b,lo VIII gives the characteristics, computod'from later 
data, for'somc of these early gages. 

TABLE VIII 

Comparison of Computed and lheasured Properties of Nichrome-Cope1 Gages 

Hichrome- I Teml;erature coefficient Stress- 
cope1 L of resistance, cemented equivalent 

length - - measured - 
ratio 1 Computed Measured (lb./sq. in.) 

(percent) .- - 
57 

I 
-7.30 I -10.0 -122 

56 I -E.23 -10.2 -125 
I 

73 +4.52 -t-2.24 +14.3 
I-.- 

_-_ 

. - .  L 
:  

,Thc computed data will be observed to agree well with the 
measured data and, in spite of the wide d.ifference between 
.the correct length ratios for compensation and the.rati-ok‘. 
given, the degree of compensation is quite, good, esp-ocially 
in the case of specimen PB 8. T$e length r-atio- does not 
therefore appear to be critical. Gages ar.c now bein.g nado 
with the length ratios given in table VIII. Difficulties 

, ar'e , however, being oxperiencpd in assessing the stress- 
equivalent with the present equipment. 

_.. 
- 

It is suspected, however, that there may be some vari- 
ability in the characteristics of the wires after molding 
in. The noldini; temperature (140° C. for -15 minutes} night 
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have some effect on the complex alloys used, so that 
slightly different molding times might-produce appreciably 
different tecporaturo coefficients. The coofficiont of 
cxpsnsion of.laninatod %kclito is about 30 x lOa6 per OC., 
i.e., slightly greater than that of duralunin. Koncc; in 
the cooling down of the gage after conploting tho noldFng, 
a linear conprossive strain in the wire of about 0.002 
inch per inch is to be cxpocted. It might be possible 
that the compressive strain suffered by the wire on cool- 
ing be of a hydrostatic nature and thoreforo has no large 
effect on tho properties of the wire. 

Othor Aspects of Two-Wiro Gages 

A gage of two-wire type may be temperature-comp.ensated 
as closely as is desired by means of external resistances. 
In the series type, the predoninating resistance is shunted 
by a resistance external to the gage; this resistance night 
be a small coil of constantan wire li;;htly cemented to the 
surface of the gage. In the parallel wiro typo, the ro- 
sistance is placed in series with one of the wires. 

In this way it could be possiblo to make a gage do- 
signed, say, to bo compensated on dural t-o be compensated 
also on steel. Such a gage, when cemented directly to 
steel, would have a tompcraturo coofficiont of tho order 
of -35 x 10yg per OC., corresponding to P, = -450 pounds 
per square inch per-degree. This value can be nado zero 
by placing a resistance in scrios with the cope1 wire. 

Compensation in this manner is vory difficult, since 
the required resistance is vory critical and has to bc do- 
tsrnincd by trial. Figure 14 shows the.results of tests 
on a cop01 -advance gage molded in Luci.te, containing a 
cop01 wiro of 29.9 ohms rosistanco (the ncgativo component) 
in series with an advanco'wiro of 23.0 ohms rcsistanco. 
This gago, when clamped to durnlumin, was found to bc vory 
nearly perfectly conponsatod for tcaperaturc. Whon clanpad 
to stcol it had a tcnperaturo coefficient of rcsistoncc of 
B, = -2.7.6 x lo-', corresponding to n stress equivnlont of 
P, = -340 pounds per square inch in steel. Tests wcrc rmadc 
using different values of external rosistrrnce in shunt with 
the cop01 wire. Figure 14 shows tho observed values of 
B 1, tho conput-od values of S and tho values of P1 for 
differentvalues of the external rosistanco. It is obsorvcd 
that P, varies -rapidly in the rcgi-on near whore P, = 0. 

c 
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. 
It is possible, howc-vc-r, to arrange a.ggege conpcn- 

sated for both steel and duralunin, for example, by having 
a tap .in the nichrone wiro in the ufchronc-cope1 design. 
if pert of the nichrome wiro is shortened so that its cf- 
fcctiv8 length is reduced from 81 percent to 48 percent 
of that of the cope1 wire, a 'Iduralfl gage is than conpen-. 
sntcd for steel. 1. _-. 

Self-Compensating Gag8 -. 

if c gage bo constructed of a length of wiro of re- 
6 i s t an c c Rl lying-along the length of the gags, and of 
a length of the sumc wire of- resistance 8, arranged at - 
right angles to the length of the gage, then this gage 
should measure the diffsrcnce in strains along and at 
right angles to th8 axis of the gage. These resistances 
forn adjacent arms of a Vhoatstono bridge (fig. 15). If, 
for exzr~~plc, the gage be ccr;entcd to a bar -subjected to 
3 simple tension strain e, 
change to- 

thdh tho resi.s3%nco%~~GiTll -LET 
.- .- D 

- -; 1 
R,(l + Se) and X,(1 - Sot) 

- ..__-.- 
_ -- . 

Hence the ratio changes from -.--- .,_ ---.+ 

The deflection is therefore linear with strain. Such a 
gage should be self-compensated,for, if the resistancesin 
the gage. be heated, these will increase in the same pro- 
portion and hen&e the ratio of the arms will not be than.gedi 
temperature effects will thus cause no deflection of the 
galvanometer. 

Xuch effort was expended in. the earlier stages o-f the . 
research to make compensated gcgcs in this manner, using . 
cast Bakclitc and cast and molded Lucite for the-mbunt. It 
was not found possible to cement thase early, cornpar-atively 
thick, ~secs effectively in the later-al direction. 'm-i. s- 
method of const,ruction might-be- successful, using the pros- 
ent 0.010 inch thick bakelitc gages. - 
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Gago with Nogativoly Strain-Scnsitivo Wire 

. Tho negatively strain-sansitivc.wiro typo of gage 
would contain throo typ.cs of wire, joined in series. One 
wiro would bo the wire of negative strain sonsiti4it;y 
forming one arm of'-tho bridge. T.ho other two wires would 
bc in an adjacent arm and would be arranged to have the 
same ovar- ~11 tompernturo coefficient of rcsistancc as tho 
nogntivcly strain-sensitive wire. In this way, the strain 
cffocts of tho wires would roinforco each other, and tho 
thermal effects would counterbalance. The wires of noga- 
tivo strain snnsitivity appear to have cxtromcly high tom- 
peraturc coefficients of rosistancc (e.g., for 1-portent 
Mn nickel 6 = 2440 x 10eg p3r oC.) rondcring this method 
impossible. 

MeasurementL of Temperature Coefficient of Resistance 

Changes of resistance with temperature were obtained 
by heating the specimen slowly (60 C. per hour) in a w-ell- 
stirred oil bath, the temperatures being read on a thor- 
momotor graduated in tenths of degrees Contigrsdc. Fig- 
ure 16 shows the apparatus ar'rangod for a thermal test. 
On the electrical side, the arrangomcnt was the same as 
for the strain tests. It has bcon mentioned that, with 
the commercial bridges used in most of the tests, a change 
in resistance in a gage of-25 ohms of about three parts 
per million can bo detected. Th0ug.h this sensitivity is 
ample for strain measurements, it-is too- iow to assess 
accurately tho degree of compensation of the.rocent gages. 
Better apparatus is being consequently designed for this 
purpose. 

Indopendenco of Strain and Temperature Effects 

The theory of temperature compensation ofwire strain 
gagas pr8suppose.s that the effects of tcmpornturo and of 
strain on resistance are independent, in other worhs, that 
gages compensated -at zero strain are compensated for tem- 
porature clso when under load. This fact could bo checked 
by cementing a tonperature- compensated 'gage.to a bar, 
placing the bar in bending, and making a tharmal test on 
the gage. This method has not yot bcon tried. If a gage 
be camented (or clamped) first to steel, thsn to- dural, 
and finally left free, and if a thermal test be made on 
the gage fn each stat8, the temperature coefficients ob- 
tained in each case should be related by .a simple law. 
This law has been checked on a few occasions and has been 

c 
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. 

found to be reasonably true. The theory and data arc giv- 
en in th\3 following paragraphs. - -. 

Considar a fine wire omboddod in synthetic resin, in 
the form of an cxperimcntal gage. iVhon such a gage is .- : -- 
heated, it exTnnds linearly nt 3 rate given by the cocf- 
ficient of expansion of the resin, since compared to that 
of the resin the cross-sectional area df the wire is ._- 
negligible. The coofficicnt of expansion of resins is . . 
much greater than that of metallic wires. Some values 
310 given in table IX. .Y .- '- 

TABLS IX 

Coefficient of 
Resin linear expansion 

per 0C. cr x log - 

Bakelite 30 
(laminated paper) 

Bekelito (cast) 60 -. 

Lucite 70. 

Rencc on heating the gage, the wire is stretched elasti- 
c r.1 Q- by the resin. It would thus be ox@ectcdfhaf the 
tonper.z,ture coefficient of resistance of the wiro when 
embedded in resin would be greater than that of the fret 
virc. Furthermore, ff the gage be firmly cemented.to a -- 
netal bar, and so constrained to expand thermally at the 
same rate as the bar, the temperature coefficient of re- 
sistanco of tho cemented gag0 would be expected to be de- 
pendent on the coefficient of cxpansionof the-bar.. z .- 

Assume that the lateral strain of the gage has no 
effact on the resistance of the wfrc. 

..- _. ___ 
Consider-two iden: 

tica gages, on0 firmly comentod to a sttiel bar and the 
other free. Let both be heated through lo C. Let the 
stool 331 bc now stretched so that the total increase in 
length of its gage, due to temperature and strain, is 
the same as the increase in length of tho free spd-cimen. 
if the latcrzl restraint of the cemented gage cbn be ne- 
glectod, the <ages are under identical conditdons, hence 
the incrensos in resistance must be the snmc: The in- 
crccsc in resistance of the ccncntcd gage is then R PI 

.- - 
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(whore R is the gage resistance) owing to temperature 
rise of lo C. and is RS(ar - as) owing to the subse- 
quent strafn, where the symbols are as previously de- 
fined. The increase in resistance- of the free gage 1s 
R p, hence 

Is1 + Slur - a,) = p (10) 

If the cemented gage be attached to dural, 

therefore, 

c 

Taking ad = 24 X 10e6, ~ls = 10 ,! IOWG, 

m> 

The following table gives.some data collected during the 
course of the research on five gages, of which one is 
molded from laminated Bakelite, three molded in Lucite, 
and ono cast in Bakolitc. 

T$e results of two of the five sets suggest that the' 
temperaturcand the strain effects are independent and 
that lateral effects are negligible. The other three re- 
sults might contain some incorrect data, yot they suggest 
that theso conclusions are not true. For final confirmn- 
tion, it is necessary thoreforc, as previously mentioned,. 
to make-a thermal test on a compensated p;cge under strain. 
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CEUEYTIHG OB GAGES 

A strain gage is essentially tin instrument which can 
measure with sufficient accuracy the strain over any suit- 
able gage length and which can readily be calibrated. It 
is therefore highly desirable for the resistance strain 
gage to be a,ble to be firmly cemented toa metallic sur- 
face and also to be capable.of removal for Previous or 
subsequent calibration when necessary. This removability, 
and tho property of individual calibration, difforcntiatos 
the tygc under development from a nonremovable nssombly 
of wiros capable of measuring strain. This latter method 
has been shown by Professor Rugc of the Massachusetts In- 
stitute of Technology to work very successfully. By the 
use of a cement, such as celluloid dissolved in acetone, 
the mounting problem, and the effect of molding t*mperaturc 
and molding strains mentioned previously, do not exist. 
Nevertheless, it is felt that a gage which can, if necoa- 
sary, be individually calibrated-for strain sensitivity, 
temperature compensation, and maximum allowable strain and, 
which can be shipped through the mail and attached by un- 
skilled labor, is very desirable. The problem of cementing 
is therefore not the least important of the problems asso- 
ciated with the construction of electrical rcsistancc 
strain gages. 

Eat Cementing 

DC Khotinsky cement (hard grado) is a very sntisfac- 
tory hot cement for laminztod bckolitc gngcs. The notal 
surface is heated to 1350 C. and tho cement BprQad on. 
The gngo is thon gently placed in position and tho Irlotal 
allowed to cool. Tho gage c3n be rcnoved either by ro- 
heating tho nctal or by dissolving in alcohol. 

Lucite gages cjnnot be attached by do Khotinsky ce- 
ment, since at the required tonpcrature they soften And 
warp,oPingto the release of intern& molding stresses. 
Likewise, de Khotinsky conont is difficult to USC when tho 
gage has to be attached to a large mass of dUrAlUmin such 
AS a propeller blade. The great heat conductivity of 
dUrAlUmin and heat-troatcd aluminum alloys makos it dif- 
ficult to obtain the proper local temperature without dan- 
ger of overheating the metal and changing its strength 
characteristics. A cement that will set without olcvat-ed 
tanporrturc, even though more time is required, is highly 
desirable. 

. 

l 
*- 

‘! 



N.A.C.A. Technical hSoto MO. 744 33 

DC Yhotinsky ccmcnt appears to be conplotoly cffoc- 
tivc up to strains of 0.0'7 of 1 percent, which is the 
maximum strain used at present in the tests. In the 
strain tests on compensated gages (and under steady tem- 
pcraturc conditions on uncompensated gages) readings at 
a given strain are almost identically reproducible when 
de Khotinsky cement is usod; no oreep is observable. (See 
table I and fig. 13.) To strain a bakelite gage 3/8 inch 
Iride by 0.010 inch thick by an amount of 0.0001 inch per 
inch requires a pull of about 2.6 pounds; If the only 
area effective in cementing tho gage is assumed to be a 
tab of about .0.14 square inch area beyond the terminal 
points of the Trfires, then the mean shear s%res.s in the 
cement becomes about 20 pounds per square inch. There 
seems to be.no reason why the laminated bakelite gage 
should not go up to strains of 0.2 of 1 percent, corre- 
sponding to a shear stress in the cement ‘of-about 60 
pounds per square inch. 

There is reason to suspect, however, that the suc- 
cessive heating and cooling of the gage involved in ce- 
menting and romoval might affect its characteristics. 
This point is at present being investigated; Prolongod 
bnking of the gage before calibrntion or use might over- 
coma any such trouble. :. 

Cold Cementing 

The cold cements which havo been studied are plastic 
wood, Duco, and casein cement. All those dements have 
been triod using various Lucite specimens. Their use with 
the laminated bakclitc gzzgos is now being studied. Pias- 
tic wood seems to bo the best, having good adhesion- to 
steo1, duralumin, and Lucite. Table XI gives data obtained 
in a strain test on a Lucite gage-with cope1 wire cemdntoda 
to a stocl bar with plastic wood. These results are plot- 
ted ia figure 17. _ 
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TABLE XI 
. 

Strtin Test on Gage B:- 17: Cosel Wire Eolded in Lucite 

Ccmcnto,d witk. 2lasti.c Wood to Steel 

Gagc ~rcsistzgxe 69.4 ohms 
[Galvanomztzr calibration 49.1 divisions 3 l.ohm c&z@ in rosietance~ 

-. - -. . 2 

Galvanomotcr readings 
I -7 

T+. -- -- 
Id cycle 

Load 
docrixs : rg 

_.- 
5.65 

- 

t 

6.8!5 

7.95 

9.06 

A slight hysteresis is observed in the readings; Cven 
SOS the avcrago width of t-ho hystorosis loop corresponds 
to about 200 pounds per squaro i.nch or roughly 1 percent 
of tho tot31 stress ran,:e., 

ankalitc 
quid&~ 

~ELGCS attach,ed with plastic irood mcy bc 
romovcd by soakin,s; for a few minutes in acetone. 

Lucite gaZcs..comontcd to stock may be rcmovcd b;- eoakinfi 
for sovoral hexirs in strong (20 percon.t) czuatic soda. 
This.mcthod., of course,. cannot be usod.for Lucite gngos 
comontcd to duralumin. .- 

- 

.- 

Ccsein ccmont seems to l:xk adhesion to stocl and to 
attack duralumin, being nlkalino. This difficulty oca bc 
overcome by interposing a lcyer of unsfzcd~;?epor ctimontsd 
with Duco comont. Bavcrtholoss, tho ndhosion to iWcolito 
and Lucite is poor, fairly wido hysteresis loops nro pro- 
duced, r.nd creep is observable on 1oadinC;. It 6oems pas- 
e fbld . thct ti-10 c.cacntlr,,; proportios of tho bnkclito ga;;o 
mi;Sht bc improved by using r? shcot of plr.in instoad of im- 
prognatod paper for tho lowest shact when the talcs are 

- 

, 

L 
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molded. Cascin cement can be removed readily with caustic 
soda; :hoq?;h this ccmcnt does not attack Lucite or steel, 
it attacks durcl and also the collulosic filling of the 
bnkolit2 gafos. 

O:lc attempt using Duco with a Lucite gage,was unsue- 
ccssful. This cement, together with cemonts.of the urea- - 
fornnldohyda type (which are quick-set.ting) will be tried 
on the bakolitc'gagcs. I 

COYCLUDIXG BENARKS 

1. A method of making olcctricnl strain gages of the 
rcsistnnce type has been developed. Fine wires arc molded 
into laminated Bakslite (paper filler). Those gages are 
about 3 inches long by 3/8 inch wide by 0.010 inch thI&k. 
Tempcrsture compensation is cffectod by-having in! sorios 
or parallel wires with positive .-.nd negntive temperature ,--'- 
cocfficionts of resistnncc. The proportions of-the wires W 
are different, in gages ten>cr?.turc-Conpensatcd fol steel, 
from those in gages conponsatod for duralumin. These gbgos 
can be ccxncntcd to steel or duralumin with de Khotinsky 
carnent. 

2. It has been found that, in any given design, the 
properties of a gago are not always rcproduciblo, and 
sometimes erratic results are obtained. These results 
night bc due to overheating of the wires, ovorstraining 
of the wires on cooling tho gage, imperfect cementin& 
either of the wires in the gage or of tho gage itself. 
The conditions under which gngcs with raproducible.proper- -- - . 
ties can bc made ore . now being &nvestigated. Cold-cemcnt- 
i32 acthods, obviating repeated heating and cooling of the. 
egagc, arc also being tried. - .I 7 

When the correct conditions have been established, it 
is progoscd to make jigs for tho production of temperaturc- 
con-genscted gages of about 250 ohms resistance. The applk- 
cability of these gages up to strcins of 0.2 percent will 
be studied. it is proposed to use these gtigc.s on impact 
work. Short gage-length gages for work on stress concen- 
trations are also being considered.. : --- 

3, Temperature compensation requirements are such that 
the change in resistance duo to temperature -change J.s of-a 
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smaller order-than the change in resistance duo to strain. 
This nccessftatcs A.muCh more sensitive apparatus for 
moasuriag resistance changes than is roo.uired for normal 
strain moasuremonts. This nocessity,will require the de- 
sign of a special bridge to give-the maximum sensitivity 
with the given gage; also a more sensitive galvanomoter 
will be required, and this galvanometor must be chosen 
with the desired characteristics. 

. 

For work in the field, low-resistance gngcs and do- 
flcction methods of mcosuringres$stancc changes are un- 
desirable. In the first case, the resistance of long 
leads might be of the order of 0.5 ohm; a gage resistance 
of 250 ohms or moro is therefore required. A copcl- 
nichrome gage embodying four lengths of wire-in a ga;;o 
l/2 inch wide and 3 inches long would havo this rcsistanco. 
The deflection mothod requires a long-scale, sensitive 
galvanomotcr, free from vibration, and also a constant 
voltage on the bridge. 

A null method nay be usod by piocing a high resist- 
ance in sorics with a decade box across the balancing arm 
of the bridge. Figure 18 shows an arrangement- suitable 
for use with the multiratio bridge. In this oxample, the 
gage resistanoc is 25 ohms. The balancing rcsis$ance con- 
sists of the resistance R in the bridge and a shunting 
resistance r, the value of r consisting of a resistance 
of 5,000 ohms in series with a decade box variable in steps 
of 0.1 ohm. When the decade box reo.ds zero and the roaist- 
ante X is set to 263 ohms, the balancing resistance will 
then be about 250 ohms, which is the correct value for 
balance when the ratio of the ratio arms is O1l. If now, 
the gage resistance bc Altered by say 1 pert in a million, 
then to restore the galvanometcr deflection to zero the 
balancing 'rcsistoncc must be altered by 1 part in A mfl- 
lion by putting a rosistanco dr in the box in series with 
the 5,000-ohm resfstance. 

. 

Hcnco, 
Xr 12 = lo-6 

R-i-r r2 / 

or .- 
dr = Q.l ohm 

Hence, O.l-ohm steps in the external-rcsistanco box corrc- 
spend to in.creases in gage resistance of 1 part in A mll- 
lion. 



N.A.C.A. Technical Note No. 744 37 

A null deflection method has two further advantages. 
The measured resistance is independent of voltage varia- 
tions, and hence high-voltage rrBa batteries can be used 
for sup+ying current. The only limitation is the pormis- 
sible current and .povor dissipation in the gage and bridge 
circuit. The null deflection method also leads to the 
possibility of using an a.c. voltage on the bridge, an 
.nmplifier and oscillograph taking the-place of the galvai 
noneter; when no signal is recorded on the oscillogroph, 
the bridge is balanced. 

To summarize, the program of future work consists in 
standardizing and producing in quantity wire-type resist- 
ance strain gages as well as developing cold-cementing 
methods and methods of instrumentation suitable for use 
in the field. 

Massachusetts Institute of.Technology, 
Cambridge, Mass., July 1939. 
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Figure 9.0 Arrangemezat of apparatus for 
strain-reoistasce test. 

Figure 16.0 Arrangement of appratur for 
temperature-resistance test. 
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$igure lO.- Bridge for test on law resistance gage. 



I 
la-- ---s--- 

-.0.1 

‘x 
\ 

\o.o:. ratid! I I 
2 

x 

i 
100 

. I 

300 
Gage reeistance, iI, ohms 

Figure lL.- Calibration for multiratio bridge. 



. 

W.A.C.A. Technical Note No, 744 

I 
I 
1 ,.._._-- 
I 
1 
I 
I 
I 

. 
I 
i 
I 

/_- 

I 

/ . 

I-’ 
I 
I 

r’ .-.-- I 

. 

i 
I 

4 .-- 

i 
i 
i ii / 

i 
$ 1 I 
j\ ! I 
i \ i I 
! A I 

I I 

0 0 0 
co 

g . . . 
G -4’ 

l- 

Pig. 12 

, 

.- 



w. I . , 

t3- 

t2 -. 

11;. 

1 

LO- 

a- 

---.A --._-- 
-_.- . --._- --&~.--. 

T’ I 

t 
/ .L I 

) 

.--__..-I 

.F 
l lx .- --, -. ,I* 

,__,j 

I 

1 * 
I 

5,m 10,000 15,cOo 20,000 25,000 
Stress in &eel, lb/sq. in. 

figure 13.- Bakelite gage, de Khotinsky cement. 

‘. -. 



I 1 . , 

‘-~----l-- ’ 
/” ! _--_. -_ _ 

I 
! 

j ; /--‘~ 
! I 

‘. j I /--T 
\ \ . I / i /’ ; ) ./ 

0 20 40 60 
External. shmt to Copel. wire, B 0 

Figure 14.- Temperature compensation for Copel-advame gage. 

\ 
1 , I I 
! 
1 

1 

i 

I30 o 
I 



N.A.C.A. Technical Note No. 744 Fig. 15 

Gage 
..-. 

;i'i@x? 15.- Wheatstone bridge for self-compensating gage, 



I 

-I----- 
e/ 4 

,/ 
/ :: / 

5,000 10 

,/ ---% 

/ 

Stress in steel, lb./sq, in. 

Figure 17.- Iiwitk gage, plastic wood cement. 

0 20,000 25,Ol 



N.A.C.A. Technical Note No. 7&S Fig. 18 

r dr 

I 

+r=zz-A 
@se 

--l/G%- 
25 SI 

I 
263n 

I 

25 C2 250 n 

-----II--.+-- - 

Big-me 18.- An arrangemeqt for a multiratfo bridge, 


